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SUMMARY 
A new vers ion  o f  the free-vortex-sheet fo rmula t ion  i s  presented which has 
g r e a t l y  improved convergence cha rac te r i  s t i c s  f o r  a broad range o f  geometries. The 
enhanced convergence p r o p e r t i e s  were achieved l a r g e l y  w i t h  extended modeling capa- 
b i l  i t i e s  o f  the leading-edge vor tex  and the n e a r - f i e l d  t r a i l i n g  wake. Resu l ts  from 
the  new code, designated FVS-1, are presented f o r  a v a r i e t y  o f  con f i gu ra t i ons  and 
f l  ow cond i t i ons  w i t h  emphasi s on vor tex  fl ap appl i c a t i  ons. 
INTRODUCTION 
The design c o n s t r a i n t s  f o r  high-speed a i r c r a f t  w i t h  e f f i c i e n t  supersonic 
performance c a p a b i l i t y  o f t e n  r e s u l t  i n  h i g h l y  swept wings which are conducive t o  
separat i  on-i nduced 1 eadi ng-edge vor tex  f lows a t  moderate-to-hi gh angles o f  a t tack .  
Although t h i s  type o f  separat ion can cause increased drag through the l o s s  o f  
1 eadi ng-edge th rus t ,  the  vortex-1 i ft  c h a r a c t e r i s t i c s  resu l  ti ng from t h i s  h i g h l y  
s tab le  f low can be used t o  improve t a k e o f f  and l and ing  c a p a b i l i t i e s ,  prov ide 
maneuver l i f t  increments a t  subsonic and t ransonic speeds, and, most recent ly ,  
reduce drag a t  moderate t o  h igh  li f t  c o e f f i c i e n t s  through the use o f  simple "vor tex  
f laps." As f o r  at tached flow, however, the f u l l  e x p l o i t a t i o n  o f  t h i s  vor tex  f low 
w i l l  r e q u i r e  improved t h e o r e t i c a l  ana lys i  s and design techniques capable o f  pro- 
v i  d i  ng reasonable est imates o f  the three-dimensional surface pressure d i  s t r i  bu t i ons  
a t  a p r a c t i c a l  expenditure o f  human and computer resources. 
However, the computation o f  these vor tex  f low e f f e c t s  has proven t o  be a 
cha l leng ing  task. I t  i s  only  dur ing the l a s t  10 years o r  so t h a t  methods have begun 
t o  emerge w i t h  the s ta ted  c a p a b i l i t y ,  even f o r  simple three-dimensional geometries 
w i t h  sharp lead ing  edges a t  subsonic speeds. Among these methods, the f ree-vor tex-  
sheet theory has prov ided the bes t  est imates o f  the i n v i  s c i d  surface pressure 
d i s t r i b u t i o n s  for a r a t h e r  broad c lass  o f  generic wing shapes. The major drawback 
o f  t h i s  method has proven t o  be the d-i f f i e u l  ty o f t w  encountered i n  acshfeving 
converged resul l s .  
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ersl on he free-vordex-sheet formul adi on,  designated FVS-1, i s  
Lhi s which has greatly improved convergence properties for a 
broad range of geometries including vortex flaps. "Pe convergence diff icult ies were 
approached from a flul'd-mechanical viewpoint as opposed to  t h a t  of numerical 
analysis. As a consequence, the basic numerical method for iteratively solving the 
nonl i near vortex f1 ow grobl em requi red 1 i ttl e change. The enhanced convergence 
properties were achieved largely with extended modeling capabfl $Lies of the leading- 
edge vortex and the near- fie1 d t ra i l  i n g  wakes, Using thi s approach, considerable 
insight was gained into the underlying fluid mechanics of vortex modeling as related 
to convergence considerations. Results are presented which demonstrate the expanded 
convergence capabilities w i t h  emphasis on the salient features modeled as well as 
the aerodynamic consequences of these modeling techniques. 
AR aspect ratio 
SYMBOLS 
b wing span 
c B stat ic  root bendi ng moment coefficient, s tat ic  root bending moment1 
( q m  Sref b) 
c D drag coefficient, drag/(qw Sref) 
CD ,o experimental value of drag coefficient a t  CL = 0 
ACE) drag-due-to-lift coefficient, CD - C D , ~  
c L 1 i f t  coefficient, 1 i ft/(qw Sref)  
c m pitching moment coefficient, pitching moment/(q, Sref E )  
c N normal force coefficient, normal force/(q, Sref) 
c P s ta t ic  pressure coefficient, ( p  - pw)/qw 
AC P C P , ~  - C P , ~  
c streamwi se chord 
- 
c reference chord 
C r root chord 
C t  t ip  chord 
E log ( c  r2) 
I t  i teral i  on number 
l n w  1sngl""eudinal extent of  near wake in fraction of vertex-core diameter a t  





number o f  update i t e r a t i o n s  
unit. normal vector  
s t a t i c  pressure; a1 so maximum camber ke i  gh t  i n  f r a c t i o n  l o c a l  semi span 
2 freestream reference dynamic pressure, (112) pm U, 
i n d i v i d u a l  panel res idua l  e r r o r  
reference area 
1 ocal semi span 
th ickness 
freestream reference ve l  oc i  ty 
pe r tu rba t ion  ve l  o c i  t y  components 
body-axi s Cartesian coordi  nates 
angle o f  attack, degrees 
angle o f  a t tack  f o r  smooth onflow 
Aa a - as0 
$ angle o f  sides1 i p ,  degrees; a1 so, Prandtl-Gl aue r t  factor ,  ( 1  - ~,2)1/2 
6 d e f l e c t i o n  angle, degrees, p o s i t i v e  downward 
6 f vor tex  f l  ap d e f l e c t i o n  angle normal t o  h i  ngel i ne, degrees, p o s i t i v e  
downward 
A6f increment i n  bf  
6 t side-edge rake angle, degrees, p o s i t i v e  inboard 
A sweep angl e, degrees 
A taper  r a t i o ,  c t / c r  
P, freestream reference dens i ty  
c summati on 
t v o r t i c i t y  vector  
@ vector  dot  product 
vector magnitude 
S u b ~ c r i  pts  
f f l  ap 
h l  h i  ngel i ne 
1 1 ower surface 
1 e lead ing  edge 
t e  t r a i  1  i ng edge 
u upper surface 
1 f i r s t  order i n  pe r tu rba t i on  quant i t ies ;  a1 so, inboard 
2 second order i n  pe r tu rba t i on  quan t i t i es ;  a1 so, outboard 
cO freestream reference condi ti ons 
Abbreviat ions 
Arg argument 
FV S f r ee  vor tex sheet 
CONVERGED FVS PARAMETER SPACE 
A study was i n i t i a l l y  conducted t o  document the converged parameter space o f  
the free-vortex-sheet method as demonstrated i n  the open l i t e r a t u r e .  The r e s u l t s  
a re  d e t a i l e d  i n  Table 1 and p a r t i a l l y  summarized i n  f i g u r e  1. I n  Table 1, the 
r e s u l t s  are organized by planform type, f i r s t  f o r  f l a t  wings and then f o r  cambered 
wings; w i t h i n  one c lass  o f  planform and camber they are 1 i sted a lphabe t i ca l l y  by 
f i r s t  author.  I t  should be noted t h a t  most e n t r i e s  correspond t o  a range o f  
so lu t i ons  obtained f o r  a systematic v a r i a t i o n  o f  some sal i e n t  parameter such as 
angle o f  at tack,  Mach number, sweep angle, f l a p  d e f l e c t i o n  angle, etc .  A1 though a 
number o f  s i g n i f i c a n t  aspects o f  t h i s  s o l u t i o n  space could be c a l l e d  o u t  ( n o t  t o  
mention d e t a i l  s  o f  the so lu t i ons  themselves) , the main p o i n t  t o  be observed i s  the 
ex ten t  o f  geometric v a r i a t i o n  and freestream cond i t i ons  over which the method has 
been success fu l l y  appl ied.  
Some genera1 features o f  free-vortex-sheet so lu t ions  are high1 i g h t e d  i n  f i gu re  
2. By v i r t u e  o f  e x p l i c i t l y  modeling the leading-edge vortex, a v a r i e t y  o f  " rea l  
f low" e f f e c t s  are inc luded i n  the FVS so lu t ions  which, t o  date, have n o t  been 
ca l cu lab le  by simpler methods. The c h i e f  feature o f  these so lu t i ons  i s  an accurate 
es t ima t ion  of the three-dimensional , i n v i  sc i  d  pressure f i e 1  d. By way o f  i n t e g r a t i o n  
t h i s  a1 so r e s u l t s  i n  accurate fo rce  and moment est imates. I n  add i t ion ,  h igh  angle- 
o f -a t tack  vor tex l i f t  l oss  e f f e c t s  due t o  l ong i tud ina l  vor tex curvature near the 
t r a i  1 i ng edge as we1 l as vor tex  crowding are imp1 i c i  t l y  represented. Add i t iona l  
d iscussion o f  these e f f e c t s  has been given by Pol hamus (1983, 19853. 
A l  though n o t  covered i n  t h i s  paper, the FVS method has recen t l y  been extended 
$0 account for two primary e f f e c t s  of v i  scos-i ty and d i  s"e i  buted vord-t'ci ty , vortex 
breakdown and secondary vor tex separat ion. (The method i s  s t i l l  l i m i t e d  t o  f lows 
w i t h  a known primary separat ion l i n e  such as occurs w i t h  a sharp lead ing  edge.) 
By imbedding a parabol ized Navier-Stokes representat ion o f  an axisymmetrie vo r tex  
core, Luckr ing  (1985) showed t h a t  the condi L ion  o f  i n c i p i e n t  vor tex  breakdown a t  the 
t r a i l i n g  edge o f  de l ta ,  arrow, and diamond wings could be p red i c ted  w i t h  a c r i t i c a l  
he9 i x  angle concept. Wai e t  a l  , (1985) demonstrated the f i r s t  est imat ions o f  
secondary vor tex  separat ion w i t h  the  FVS method by modeling the upper surface 
boundary l a y e r  f low and i n t e r a c t i n g  the viscous flow e f f e c t s  w i t h  the outer  i n v i  s c i d  
f l  ow. A l  though c o n t i  nu i  ng devel opment o f  the vor tex core and secondary vor tex  
e f f e c t s  w i l l  be required, the i n i t i a l  f i nd ings  of these s tud ies  are q u i t e  promising. 
The c u r r e n t  s ta tus  o f  secondary separat ion modeling by boundary l a y e r  techniques 
wi  11 be addressed i n  t h i  s conference by B l  om e t  a1 . (1985) as we1 l as by 
Woodson and DeJarnette (1985). 
METHOD EXTENSIONS 
From the experience gained i n  u t i l  i z i n g  the free-vortex-sheet method, f o u r  
aspects o f  the formulat ion were chosen f o r  mod i f i ca t ion .  The f i r s t  three aspects 
regard f low model i n g  considerat ions; they are the near-wake model, the r e s t a r t  
c a p a b i l i t y ,  and the manipulat ion o f  the s t a r t i n g  vor tex sheet geometry. The f o u r t h  
aspect regards the quasi-Newton scheme employed t o  solve the non l inear  system o f  
governing equations. 
Near-Wake Considerat ions 
The pr imary a t t r i b u t e s  o f  the near-wake f low f i e l d  a re  summarized i n  f i g u r e  3 
f o r  the cond i t i ons  o f  p lanar  and nonplanar v o r t i c i t y .  I n  e i t h e r  case, the t r a i l i n g -  
edge Ku t ta  c o n d i t i o n  r e s u l t s  i n  a near-wake f low which i s  tangent t o  the wing a t  the 
t r a i l i n g  edge. For p lanar  v o r t i c i  ty the l i n e a r  form o f  the pressure c o e f f i c i e n t  i s  
appropr ia te  and, when taken i n  con junc t ion  w i t h  the no-1 oad wake boundary cond i t ion ,  
r e s u l t s  i n  a wake f low where the magnitude o f  the v o r t i c i t y  vec tor  i s  free, b u t  i t s  
argument i s  f i x e d  a t  the streamwise d i rec t i on .  
As i s t r u e  f o r  s l  ender-body theory, nonpl anar v o r t i c i  t y  necessi t a t e s  the  
i n c l u s i o n  o f  nonl i nea r  terms i n  the equat ion f o r  the pressure c o e f f i c i e n t .  A1 though 
these terms are second order  i n  form, t h e i r  c o n t r i b u t i o n  i s  o f  f i r s t  order, p a r t i c u -  
l a r l y  w i t h  regard t o  the sidewash ( v ) .  Employing t h i s  more exact  form o f  t he  
pressure c o e f f i c i e n t  i n  con junc t ion  w i t h  the no-load wake boundary cond i t i on  y i e l d s  
a more r e a l i s t i c  wake f low where bo th  the magnitude and the argument o f  the 
v o r t i c i  ty vector  are now f ree  quan t i t i es .  These e f f e c t s  a l l ow  the wake v o r t i c i  ty t o  
skew l a t e r a l  l y  and s i g n i  f i c a n t l y  a f f e c t  the s a t i  s fac t i on  o f  the t r a i l  ing-edge K u t t a  
c o n d i t i o n  as was shown by Luckr ing e t  a1 . (1982), f o r  leading-edge vor tex  f lows. 
However, i t  must be emphasized t h a t  the d r i v i n g  mechani sm o f  t h i s  wake e f f e c t  i s  the 
presence o f  nonplanar v o r t i c i  ty, on ly  one example o f  which i s  the leading-edge 
vor tex  problem. Other examples o f  cond i t i ons  where these e f f e c t s  would a1 so be 
impor tan t  inc lude wings w i t h  s i g n i f i c a n t l y  nonplanar geometries such as wings w i t h  
w ing le t s  o r  vor tex  f laps,  regardless o f  whether the f low i s  attached o r  separated. 
An example o f  the nonplanar e f f e c t  i s  presented i n  f i g u r e  4 i n  the form o f  
v o r t i c i  t y  contours. A1 though both c a l c u l  a t i o n s  u t i l i z e d  the h igher  order  near wake, 
the  attached f low case o f  f i g u r e  4a resu l ted  i n  the wake v o r t i c i t y  o r i e n t i n g  i t s e l  f 
l a r g e l y  i n  the streamwise d i r e c t i o n  since the v o r t i c i t y  o f  t h i s  f low i s  p lanar .  
Here, i t  i s  ev ident  t h a t  the convent ional approximatisns made f o r  the simple 
Lr ia i ' l lng  wake are adequate f o r  t h i s  f l o w ,  Pn the nonplanar vor tex- f low case sf  
f i g u r e  4b the l a t e r a l  skewing o f  the wake v o r t i c ? ' t y  i s  s i g n i f i c a n t ;  modeling t h i s  
f low w i t h  a simple t r a i l i n g  wake would c o n s t i t u t e  a poor approximation, It i s  s f  
i n t e r e s t  t o  note the coalescence o f  v o r t ? ' c l Q  downstream I n  the near wake, Ph-r's i s  
i n d i c a t i v e  o f  the wake vor tex which occurs on slender wings w i t h  leading-edge 
separation; i t  i s  shed along the t r a i l i n g  edge and has the opposi te sense o f  the 
1 eadi ng-edge vor tex.  
From a convergence viewpoint, i t  i s  des i rab le  t o  make the near wake as sho r t  as 
poss ib le  w h i l e  main ta in ing  the b e n e f i c i a l  e f f e c t s  o f  t h i s  model. A l ong  near wake 
would n o t  on ly  r e q u i r e  more panel s ( i nc reas ing  computational expense) b u t  a1 so 
r e q u i r e  i nc reas ing l y  compl i c a t e d  wake f low e f f e c t s  t o  be represented, hampering 
convergence. For tunate ly ,  the r e s u l t s  o f  a near-wake l eng th  study ( f i g u r e  5) show 
very l i t t l e  e f f e c t  o f  the l eng th  o f  near wake modeled on the converged force and 
moment p r o p e r t i e s  o f  a d e l t a  wing. I n  t h i s  f igure ,  the near-wake l eng th  i s  
presented i n  f r a c t i o n s  o f  the vor tex  core diameter a t  the wing t r a i l i n g  edge. A1 so 
shown are  the  suc t ion  analogy est imates o f  the normal force c o e f f i c i e n t  f o r  two 
angles o f  a t tack .  Apparently the  s a l i e n t  feature o f  the h igher  order  near wake i s  
t o  a l l ow  the wing v o r t i c i t y  t o  pass onto the wake w i t h  the proper o r i e n t a t i o n .  As 
has been shown i n  o ther  studies, d e t a i l s  o f  the wake r o l l u p  have l i t t l e  e f f e c t  on 
the wing f low i t s e l f .  Add i t iona l  c a l c u l a t i o n s  ( n o t  shown) i nd i ca ted  l i t t l e  sensi- 
t i v i  ty o f  the  s o l u t i o n  t o  near-wake pane l ing  v a r i a t i o n s  a t  a f i x e d  near-wake length .  
A comparison o f  the convergence h i  s t o r i e s  f o r  a wing w i t h  no near wake and a 
wing w i t h  a sho r t  near wake i s  shown i n  f i g u r e  6, Both so lu t i ons  requ i red  e i g h t  
i t e r a t i o n s  t o  d r i v e  the res idua l  e r r o r  below a to lerence o f  10-6, and the o v e r a l l  
charac ter  o f  the convergence was unchanged by adding the sho r t  near wake. I t  i s  
noteworthy t h a t  the consequences o f  model i n g  nonpl anar v o r t i c i  ty e f f e c t s  w i t h  the 
near wake have a l a r g e r  e f f e c t  on the  s o l u t i o n  than does d r i v i n g  the res idua l  e r r o r  
down 10 orders  o f  magnitude from unacceptable t o  f u l l y  acceptable l e v e l  s. 
The r e s u l t s  o f  f i g u r e  6 a1 so i n d i c a t e  t h a t  the o v e r a l l  force and moment 
c o e f f i c i e n t s  are converged a t  a res idua l  e r r o r  l e v e l  on the order o f  10-3, as 
opposed t o  the d e f a u l t  to le rance o f  10-6. I n  f i g u r e  7, the e f f e c t  o f  the res idua l  
e r r o r  l e v e l  on the spanwise pressure d i s t r i b u t i o n s  very near the t r a i l  i n g  edge 
(where convergence i s  genera l l y  slowest) a1 so i n d i c a t e  t h a t  10-3 i s  acceptable f o r  
p r a c t i c a l  app l ica t ions .  Examination o f  the o ther  c a l  cu l  a t i ons  o f  t h i s  paper f u r t h e r  
supports t h i  s concl usion. 
Computed force and moment p r o p e r t i e s  f o r  the uni  t - aspec t - ra t i o  del t a  wing o f  
Hummel (1979) a re  compared w i t h  experimental values i n  f i g u r e  8. The wing was 
represented by mean p l  ane doublet  networks t o  account f o r  the asymmetric bevel i ng 
and th ickness  e f f e c t s  were n o t  modeled, The c z l c u l a t i o n s  ( w i t h  a sho r t  near wake) 
show excel l e n t  agreement w i t h  the experiment i n c l  ud i  ng camber e f f e c t s  which, f o r  the 
most pa r t ,  a re  due t o  the t r a i l  ing-edge bevel (a t r a i l  ing-edge-f lap type o f  e f f e c t ) .  
So lu t i ons  were obta ined down t o  re1 a t i v e l y  low angles o f  a t tack  ( i n  magnitude) and 
1 i ft c o e f f i c i e n t s ;  a t  1.5 degrees the computed vortex-1 i f t  increment was approxi-  
mately 1.0.03 from the computed at tached f low value, (The attached f low so lu t i ons  
are  f o r  zero  l eadi ng-edge suc ti on. 1 
Spanws'se pressure d is t r ibu t - r 'ons  f o r  20" angle o f  a t tack  c o r r e l a t e  reasonably 
we l l  w f t h  the  experiments? results ( f i g u r e  91, D i f fe rences on the upper surface j n  
peak suc t ion  magnitude and i n  the outboard values are l a r g e l y  due t o  secondary 
separat ion, a viscous f low e f e c t .  A t  the a f t  s t a t i o n  shown, th ickness e f f e c t s  31 so 
a f f e c t  the  q u a l i t y  o f  the c o r r e l a t i o n .  Thi  s i s  the s t a t i o n  o f  maximum thickness, 
and the  t h i n  wing c a l c u l a t i o n s  r e f l e c t  the s ingu lar  nature o f  the modeled f low a t  
t h i s  s ta t i on ,  
P a r t i a l  Res ta r t  
A quasi-Newton method i s  used t o  solve the nonl inear  equat ions f o r  the f ree-  
vor"ex-sheet formul a t i on .  As w i t h  any Newton method, the s t a r t i n g  s o l u t i o n  must be 
" s u f f i c i e n t l y  c lose"  t o  the converged answer i f  t h a t  answer i s  t o  be achieved. The 
bas ic  FVS code has a  f u l l  r e s t a r t  c a p a b i l i t y  which i s  use fu l  f o r  changes i n  the fa r -  
f i e l d  boundary cond i t ions .  Here the complete s o l u t i o n  ( s ingul  a r i  t i e s  and vor tex  
geometry) from a  p r i o r  c a l c u l a t i o n  i s  used as a  s t a r t i n g  s o l u t i o n  f o r  a  new 
c a l c u l a t i o n  o f  the  same wing geometry (and panel ing)  a t  d i  f f e r e n t  freestream 
cond i t ions .  Th i s  c a p a b i l i t y  has proven t o  be very usefu l  and c o s t  e f f e c t i v e  f o r  
computations over a  range o f  freestream cond i t i ons  such as angle o f  at tack,  Mach 
number, etc., and was used f o r  the r e s u l t s  o f  the Hummel d e l t a  wing j u s t  discussed. 
For  cases where no p r i o r  in fo rmat ion  i s  ava i lab le ,  the d e f a u l t  approach was t o  base 
the i n i t i a l  vor tex-sheet  geometry on the  con ica l - f low s o l u t i o n  o f  Smith (1966) and 
t o  c a l c u l a t e  the i n i t i a l  s i n g u l a r i t y  d i s t r i b u t i o n  from a  subset o f  the f u l l  
governi ng equations. 
The r e s t a r t  c a p a b i l i t y  o f  t h i s  method has been extended t o  inc lude a  " p a r t i a l  
r e s t a r t "  which i s  use fu l  f o r  changes i n  the n e a r - f i e l d  boundary cond i t i ons  such as 
would a r i s e  f o r  a  change i n  wing geometry, paneling, etc.  The p a r t i a l  r e s t a r t  
a l lows f o r  the t r a n s f e r  o f  an a r b i t r a r y  vor tex  sheet geometry from some p r i o r  
c a l c u l a t i o n  t o  the c u r r e n t  c o n f i g u r a t i o n  o f  i n t e r e s t  and solves f o r  the i n i t i a l  
s i n g u l a r i t y  d i s t r i b u t i o n  by s a t i s f y i n g  a  subset o f  the f u l l  governing equations. 
T h i s  technique has been e x p l o i t e d  f o r  many o f  the vo r tex - f l ap  so lu t i ons  summarized 
i n  Table 1, p r i m a r i l y  f o r  achiev ing so lu t i ons  over a  range o f  vo r tex - f l ap  d e f l e c t i o n  
angles. However, i t  was found t h a t  the u t i l i t y  o f  the p a r t i a l  r e s t a r t  diminished as 
the d i  f ferences i n  boundary condi t i o n s  between an a v a i l  ab le and the desi red sol u t i o n  
increased. For  t h i  s  reason, add i t i ona l  vortex-sheet manipulat ion capabi 1  i t y  was 
i mpl emen t e d  . 
Vortex Sheet Manipulat ion 
For  many p r a c t i c a l  appl i c a t i o n s  the geometric p rope r t i es  o f  the 1  eadi ng-edge 
vor tex  can be dominated by some s a l i e n t  geometric c h a r a c t e r i s t i c  o f  the wing. One 
example i s  the vo r tex  f l a p  appl i c a t i o n  where the r e s u l t a n t  vor tex  geometries are  
s i m i l a r  i n  a  coordinate system normal t o  the f l a p  surface. Therefore, a  simple 
vor tex  man ipu la t ion  capabi l  i ty was implemented which a1 1  ows the i n i t i a l  vor tex  
geometry t o  be a r b i t r a r i l y  r o t a t e d  and/or scaled about the wing lead ing  edge. Th i  s  
idea i s  i l l u s t r a t e d  i n  f i g u r e  10, where the vor tex  sheet from an a v a i l a b l e  three- 
dimensional s o l u t i o n  f o r  a  p lanar  de1 t a  wing i s  f i r s t  t r ans fe r red  ( v i a  the p a r t i a l  
r e s t a r t )  t o  a  wing w i t h  a  de f l ec ted  vo r tex  f lap ,  and i s  then r o t a t e d  by the f l a p  
d e f l e c t i o n  angle. I n  p rac t i ce ,  i t  i s  o f t e n  advantageous t o  a1 so s l i g h t l y  scale the 
resu l  t a n t  i n i t i a l  vor tex  geometry as w e l l .  The e f f e c t s  o f  t h i s  approach on conver- 
gence are  shown i n  f i g u r e  l l a .  Use o f  the simple t rans fe r ,  r o t a t i o n ,  and sca l ing  
r e a d i l y  y i e l d e d  a converged s o l u t i o n  f o r  a  1  arge increment i n  f l a p  de f l ec t i on ;  f o r  
smal I increments i n  f l a p  d e f l e c t i o n  e i t h e r  the t rans fe r  alone o r  i n  con junc t ion  w i t h  
manipul a t i o n  r e a d i l y  y i e l  ded the converged sol u t ion .  Without these techniques 
converged resu l  t s  had no t  been achieved, 
An example o f  the sca l ing  e f f e c t s  i s  i l l u s t r a t e d  i n  f i g u r e  I l b .  The converged 
so9u"cm f o r  a  d e l t a  wjng was t rans fe r red  t o  the gothfc wfng and then sealed t o  
approximate the noncsnieal e f f e c t s  due t o  the go th ic  wing planform, Once agal"n the 
ca l  cul a t i  on read?" l y  converged; us ing  con ica l  f h w  i nfsrmat ion f o r  the s t a r t i n g  
so lu t ion ,  the p r i o r  vers ion o f  the code would n o t  y i e l d  a converged resu"l- 
The p a r t i a l  r e s t a r t  and vor tex manipulat ion can be used t o  obtal'n so lu t i ons  f o r  
more complex geometries and flow cond i t ions .  Shown i n  f i g u r e  12 i s  an example f o r  a 
wing-body c o n f i g u r a t i o n  w i t h  a go th i6  p lanform vor tex  f l a g  de f lec ted  a t  a 1 arge 
angle. By organ iz ing  the c a l c u l a t i o n s  roughly as shown one can obta in  in te rmed ia te  
so lu t i ons  which are usefu l  f o r  i n t e r p r e t i n g  the complete con f i gu ra t i on  s o l u t i o n  as 
we l l  as f o r  determin ing incremental e f f e c t s  o f  geometric va r i a t i ons .  I n  f i g u r e  13 
an example i s  shown f o r  a s i m i l a r  wing geometry b u t  a t  sides1 i p  condi t ions.  Drawing 
upon simple- sweep concepts, symmetric c a l c u l a t i o n s  were f i r s t  performed which, by 
the p a r t i a l  r e s t a r t ,  prov ided good s t a r t i n g  so lu t i ons  f o r  the complete 
conf igura t ion .  
The approach taken f o r  t h i s  case can a1 so be c o s t  e f f e c t i v e  since the gross 
s o l u t i o n  fea tures  are  es tab l  i shed w i t h  the two symmetric c a l c u l a t i o n s  which 
nominal l y  r e q u i r e  one- ha1 f the computer resources o f  a f u l l  -span c a l c u l a t i o n  f o r  the 
same panel i ng and number o f  i te ra t i ons .  The symmetric precursor ca l  c u l  a t i o n s  coul  d 
have been performed a t  reduced panel ings, f u r t h e r  a f f e c t i n g  c o s t  reduct ion.  Th i  s 
feature has been e x p l o i t e d  f o r  var ious  problems by i n i t i a t i n g  a s o l u t i o n  w i t h  a 
coarse pane l ing  and then, us ing the p a r t i a l  r e s t a r t ,  ob ta in ing  so lu t i ons  f o r  f i n e r  
panel i ngs, much as i s  done w i t h  mesh sequencing i n  f i  n i  t e - d i  f ference formulat ions. 
Modi f i e d  Quasi-Newton Scheme 
W i t h  the de f a u l  t quasi-Newton scheme o f  the free-vortex-sheet method the  
Jacobian m a t r i x  i s  f u l l y  formulated a t  the s t a r t i n g  s o l u t i o n  and then on ly  every 
t h i r d  i t e r a t i o n  the rea f te r .  For  the in te rmed ia te  i t e r a t i o n s  the val  ues o f  t he  
Jacobian are obta ined w i t h  an approximate update procedure due t o  Broyden (1973). 
By t h i s  approach, there  i s  no need t o  f u l l y  reeva lua te  the p a r t i a l  d e r i v a t i v e s  
comprising the elements o f  the Jacobian f o r  each i t e r a t i o n .  So long as the method 
converges, t h i s  technique can reduce the c o s t  o f  ob ta in ing  the so lu t ion .  As w i t h  
any approximation technique, however, the update method w i l l  work bes t  i n  cond i t i ons  
where the e l  ements being approximated vary 1 i near ly  and, i n  actual  i ty, undergo 
1 i ttl e change, 
I n  general , the elements o f  the Jacobi an w i  11 undergo greater  change e a r l y  i n  
the i t e r a t i o n  process, where res idua l  e r r o r  l e v e l s  are high, than they w i l l  l a t e r  i n  
the c a l c u l a t i o n  as the so lu t i on  becomes es tab l  i shed. S t r i c t l y  re fo rmula t ing  the 
Jacobian m a t r i x  every th ree  i t e r a t i o n s  can the re fo re  r e s u l t  n o t  only  i n  unnecessary 
numerical d i  f f i c u l  t i e s  e a r l y  i n  a c a l c u l a t i o n  (due t o  i nhe ren t  approximations 
a f f i l  i a t e d  w i t h  the update procedure) b u t  a1 so i n  unnecessary numerical expense 
l a t e  i n  a c a l c u l a t i o n  (due t o  Jacobian re fo rmu la t i on  when an update would be j u s t  as 
good). Therefore, the Jacobian re fo rmu la t i on  frequency was adjusted t o  be a 
func t i on  o f  the res idua l  e r r o r  l e v e l  . The f o l  1 owing approximate schedule was 
determined from numerical experimentat ion f o r  the number o f  i t e r a t i o n s  employing the 
update procedure as a func t ion  o f  res idua l  e r r o r  l e v e l  : 
e r r o r  range \up 
Several cases s f  t h i s  stucly were reanalyzed ws'tk the above Jaeabian update 
schedul e. AS though no cases have been found which requ i red  thl 's technique t o  o b t a i n  
convergence, c a l c u l a t i o n s  w i t h  the ad jus ted  Jacobi an update schedule evidenced 
smoother convergence p rope r t i es  than d i d  the basel i n e  ca leu l  a l ions .  The cos t  o f  the 
modi F i  ed ca3 c u l  a t i o n  was comparable .to the basel l" ne calculi a t i o n  p r i m a r i l y  because 
the increased Jacobian r e f i r m u l a t i o n  frequency a t  h igh  res idua l  e r r o r  l e v e l s  i s  
traded o f  f aga ins t  the reduced frequency a t  low l e v e l  s o f  e r ro r ,  
A DIRECT APPROACH FOR CAMBERED WINGS 
The techniques described i n  t h i s  r e p o r t  can a1 so be used d i r e c t l y  t o  ob ta in  
so lu t i ons  f o r  cases where no p r i o r  i n fo rma t ion  i s  a v a i l a b l e  f o r  use w i t h  the p a r t i a l  
r e s t a r t .  An example i s  shown i n  f i g u r e  14 f o r  wings w i t h  l a r g e  camber a t  f reestream 
cond i t i ons  where the  leading-edge vor tex  i s  small and a c t i n g  on the forward-facing 
camber surface. The approach, t o  be subsequently described, w i l l  be f i r s t  app l ied  
t o  the c i r c u l a r - a r c  conical-camber wings o f  Barsby (1974) and then t o  a vor tex  f l a p  
con f i gu ra t i on .  
Attached f l  ow c a l c u l a t i o n s  were fi r s t  performed w i t h  the free-vortex-sheet code 
t o  determine the smooth-onflow angle o f  a t tack .  For these con ica l  wings, t h i s  
c o n d i t i o n  occurred along the e n t i r e  l ead ing  edge w i t h i n  an angle o f  a t tack  o f  about 
lo. The model i n g  inc luded the sho r t  near wake and the c a l c u l a t i o n s  incorporated the 
scheduled Jacobian update procedure. Because the angle o f  a t tack  d i  f f e r s  s l  i g h t l y  
from the  smooth-onfl ow angl e, the 1 eadi ng-edge vor tex  w i  11 be small and governed 
p r i m a r i l y  by p r o p e r t i e s  near the lead ing  edge. To approximate these e f fec ts ,  the 
i n i t i a l  vo r tex  geometry was based upon the con ica l  f low s o l u t i o n  o f  Smith (1966) f o r  
the incremental angle o f  a t tack  beyond smooth onf low and was r o t a t e d  by the 
t ransverse wing slope a t  the lead ing  edge. 
Ca lcu la t i ons  were performed fo r  a un i  t - aspec t - ra t i o  wing, f i r s t  w i t h  a 
nondimensional camber he igh t  o f  0.4 f o r  freestream cond i t i ons  5' above smooth 
o n f l  ow. The c a l c u l a t i o n  r e a d i l y  converged, and some p rope r t i es  o f  the three- 
dimensional s o l u t i o n  are shown i n  f i g u r e  15a a t  the wing t r a i l i n g  edge. The simple 
s t a r t i n g  procedure j u s t  described prov ided a reasonable est imate o f  the converged 
vor tex  geometry. For  comparison purposes, the fl a t -p l  a te  con ica l  - f l ow  s o l u t i o n  i s  
a1 so shown. Th i s  s o l u t i o n  emphasizes the s i g n i f i c a n t  e f f e c t s  camber has on the 
vor tex  s o l u t i o n  and a1 so i n d i c a t e s  probable convergence d i  f f i c u l  t i e s  i f  the  f1 a t -  
p l a t e  s o l u t i o n  were t o  be used as a s t a r t i n g  s o l u t i o n  f o r  the cambered wing, 
A more extreme case i s  shown i n  f i g u r e  15b. From the prev ious c a l c u l a t i o n  
( p  = 0.4) i t  was apparent t h a t  the described s t a r t i n g  procedure resu l ted  i n  an 
overs ized vortex, so the s t a r t i n g  vor tex  geometry f o r  the c u r r e n t  c a l c u l a t i o n  
( p  = 0.6) was f u r t h e r  scaled down by 50 percent. The c a l c u l a t i o n  r e a d i l y  converged 
and r e s u l t e d  i n  an extremely small vor tex.  As a consequence, t h i s  s o l u t i o n  
exh ib i  Led near ly  90-percent suct ion, based upon the (usual ) a t tached- f l  owlzero- 
suct ion and f l  a t -p l  ate-optimum drag 1 eve1 s. 
As a f i na l  app l i ca t i on ,  t h i s  d i r e c t  approach was app l ied  t o  a vor tex f l a p  
geometry. The resu l  t a n t  convergence h i  s t o r i e s  ( f i g u r e  16) show the dramatic e f f e c t s  
of the new formulat ion.  I t  should be noted t h a t  convergence i s  d isp layed a t  a 
res idua l  e r r o r  l e v e l  o f  as  was shown e a r l i e r  the s o l u t i o n  i s  s u f f i c i e n t l y  
establl 'shed a t  a res idua l  l e v e l  o f  10-3 f o r  p r a c t i c a l  purposes, 
CONCLUDING REMARKS 
A v a r i e t y  o f  ex ns have been imp9 emen ted  t o  the free-vortex-sheet 
formul a t i  on fo"orhe purpose o f  jmprovr" ng "r;e convergence charae ters" st ic s o f  the 
method. By extending the model i n g  capabi l i ty o f  the code s i  gni  f i can t  improvements 
i n  the convergence cha rac te r i  s t i c s  were rea l  i z e d  w i t h o u t  changing the basic 
numerical scheme. Some r e s u l t s  o f  t h i s  study are summarized below. 
Only a sho r t  near wake i s  requ i red  t o  capture the s ign i  f i c a n t  e f f e c t s  o f  
nonplanar v o r t i c i t y .  The convergence o f  a c a l c u l a t i o n  w i t h  a shor t  near wake i s  
nea r l y  as f a s t  as the convergence o f  a c a l c u l a t i o n  w i t h  no near wake a t  a l l .  Wi th 
e i t h e r  wake representat ion,  the s o l u t i o n  p r o p e r t i e s  evidenced 1 i t t l e  v a r i a t i o n  
beyond a res idua l  e r r o r  l e v e l  o f  10-3. 
A " p a r t i a l  r e s t a r t "  was added t o  the formulat ion. T h i s  a l lows f o r  the use o f  
an a r b i t r a r y  vo r tex  from a p r i o r  c a l c u l a t i o n  as a s t a r t i n g  so lu t ion ,  I n  add i t i on ,  
simple vor tex manipulat ion features such as r o t a t i o n  and sca l ing  proved to  be very 
e f f e c t i v e  i n  enhancing convergence. 
Wi th  the extensions described i n  t h i s  repor t ,  the u t i l i t y  o f  the FVS 
formula t ion  has been extended t o  cond i t i ons  where the vo r tex  i s  small. Th i s  a1 1 ows 
f o r  three-dimensional c a l c u l a t i o n s  t o  be e a s i l y  performed a t  low angles o f  a t tack  
and on con f i gu ra t i ons  w i t h  h igh l y  de f l ec ted  l ead ing  edges. 
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TABLE 1,- CONVERGED FVS PARAMETER SPACE, PUBLISHED RESULTS 
f a )  del t a  wings, uncambered 
Planform Camber Thickness Vortex Flow 
Reference Class A1 A* Ate AR x Class  6 1  $1 $ Iring Fusl  Span a p PI 
Brune, Delta 70 - 0 1.46 !? F l a t  - - - 
0, .. 
Thin - F u l l  9-19 
e t  a l .  76 " " 1.00 ., .. 
(1975) 
Brune, Del ta  74 - 0 1.15 0 F l a t  - - - Thin - F u l l  5-20 0 0 .8  
e t  a l .  
(1977) 
Buter,  Del ta  74 - 0 1.15 0 P l a t  - - - Thin - F u l l  10 0 0 
e t  a l .  
Erickson Del ta  55 - 0 2.80 0 F l a t  - - - 
.. ., 
Thin - F u l l  15 0 0.6 
(1983) 65 " 1.87 " " ., ,, ,. ,. 
Gloss,  Del ta  6 3 . 4 -  0 2.00 0 F l a t  
e t  a l .  70 " " 1.46 " " 
(1976) 
.. 8 .  
' P a r t  " ., .. 
%. .. 
" F u l l  " ,. ,. 
- - - 
0. .. 
Thin - F u l l  20 0 0 
., *, 14 " " 
Hoff le r  Delta 65 - 0 1.87 0 F l a t  - - - Thin - F u l l  16 0 0 
(1985) 
Johnson, Delta 70 - 0 1.46 0 F l a t  - - - 
., .. 
Thin - F u l l  14 0 0 
e t  a l .  74 " 1.15 " " ., ,. 5-25 " 0.6 
(1976) 
Johnson, Delta 6 3 . 4 -  0 2.00 0 F l a t  - - - 
,. 
Thin - F u l l  20 0 0 
e t  a l .  70 " 1.46 " " ,. # a  
.# ,, ., ,* 
14 " " ( 1980) 74 " " 1.15 " " 
.. 8, t. ., 
15-30 " " 
76 " " 1.00 " " 
a. q, 0, 8, 
20 " " 
80 " " 0.71 " " 
.* qq ,. ., 
15 5 :: 
86.4 " " 0.25 " " 
.. .. ,. ,. 
2-25 0 
63-86 " u 2-0.25 m a 20 " " 
Kuhlman Delta 63-86 - 0 2-0.25 0 F l a t  - - - 
,. ., 
Thin - F u l l  15 0 0 
(1978) 63-80 " 2-0.71 " " ,. ,. 
.. .. 
20 " " 
82.7 " " 0.52 " " 
0. ,. ., ,. *, .. ,. 10-40 " 0.8 
,. ,* .. 8, ., .. 8. ,. 
10.3 " 0.7 
., ,. .. ,* 4. 
.a 8 ,  
30 " " 
20.8 " 0.5-0.8 
Lamar Delta 74 - 0 1.15 0 F l a t  - - 
., ,, 
Thin - F u l l  15-25 0 0 
(1978) 80 " " 0.71 " " ,. ,, 10-25 " " 
Lamar, Delta 74 - 0 1.15 0 F l a t  - - - Thin - F u l l  20 10 0.2 
e t  a l .  
(1979) 
Luckring,  Delta 63 - 0 2.04 0 F l a t  - - 
,. .. 
Thin - F u l l  20 0 0.3 
e t  a l .  74 " 1.15 " " *, ., 
,. ,. 0. *, 8 ,  ,, 
10-25 0 ,5  0.2 
(1982) %, ., 
., *, ,. ,, 
20 0,15 " 
82.7 " 
., ,, 
" 0.52 " " 
.a ,, ,. ,, ,, *, 
10 0 0.99 
20.8 0 0-0.99 
L u c k r i n g , D e l t a  65 - 0 1.87 0 F l a t  - - - Thin - F u l l  15 0 0 
e t  a l .  
(1985b) 
Polhamus Delta 70 - 0 1.46 0 F l a t  - - 
,, ,, 
Thin - F u l l  10-50 0 0 
(1983) 80  " 0.71 " " ,. ., 5-50 " 
Polhamus Delta 70 - 0 1.46 0 F l a t  - - 
,, ., 
Thin - F u l l  10-50 0 0 
(1985) 76 " 1.00 " " Thick " " 25 " " 
<, ,. 80 " 0.71 " Thin " " 5-50 " " 
Reddy Delta 70 - 0 1.46 0 F la t  - - 
,. c ,  
Thin - Ful l  10-30 0 0 
(1979) 76 " 1.00 " 5-30 " 
Reddy Delta 70 - 0 1.46 0 F l a t  - - Thin - Ful l  15-40 0 0 
(1981) 
TABLE 1.- CONTINUED 
( b )  arrow and diamond wings, uncambered 
Planrorm Camber Thickness Vortex Flow 
Reference Class hl A;! Ate AR h Class  b1 hhl b2 Wing Fus l  Span a 6 M 
Brune, Arrow 71.2 - 43.6 2.02 0 F l a t  - - - Thin - F u l l  15.8 0 0 
e t  a l .  
(1975) 
Brune, Arrow 74 - 37 1.47 0 F l a t  - - - Thin - F u l l  5-25 0 0 .6  
e t  a l .  
(1977) 
Johnson, Arrow 7 1 . 2 -  43 2.00 0 F l a t  - - - Thin - F u l l  11.9 
,. $0 
0.4 
e t  a l .  74 " 37 1.47 " " .. ., 5-25 ' 0.6 
(1976) 
Johnson, Arrow 7 1 . 2 -  43 2.00 0 F l a t  - - - Thin - F u l l  11.9 0 0.4 
e t  a l .  
(1980) 
Kuhlman Arrow 70 - 36.9 2.00 0 F l a t  - - - Thin - F u l l  10-30 0 0 
(1978) 
Luckring, Arrow + 67 - 55 2.50 0 F l a t  - - - Thin - F u l l  7-14 0 0.76 
e t  a l .  
(1982) 
Polhamus Arrow 70 - 36.9 2.00 0 F l a t  - - - Thin - F u l l  5-50 0 0 
(1983) 
Reddy Arrow 70 - 36.9 2.00 0 F l a t  - - - Thin - F u l l  15-40 0 0 
(1979) ., ., 20.6 1.82 " " .. q, ,* .o 
.. 0, 15.4 1.62 " " '0 .a .. a. 
Kuhlman Diamond 70 - -51.3 1.00 0 F l a t  - - - Thin - F u l l  10-30 0 0 
(1978) 
Reddy Diamond 70 - -15.4 1.32 0 F l a t  - - 
., '0 
Thin - F u l l  15-40 0 0 
(1979) 0. .a -28.8 1.21 " " ., ,, .. a. 
., ., 
-39.5 1.12 " " ,. .. ., .. 
,. .. 
-47.7 1.04 " " ., a, ., '8 ,, q. 
a, a, 
-51.3 1.00 " " ., a. ,, a. 
Reddy Diamond 70 - -51.3 1.00 - F l a t  - - Thin - Ful l  25-40 0 0 
(1981) 
+ B-1 Planform 
TABLE 1,- CONTIHUED 
ORIGINAL P$=Cel: 6s 
QF BOOR QbDaLlW 
( c  cropped wings,  uncambered 
Planform Camber Thickness Vortex Flow 
Reference Class A1 A;! Ate AR A Class  61 Ah1 62 Uing Fusl Span a $ El 
Erickson Cropped 65 - 0 2.80 0.25 F l a t  - - - Thin - F u l l  15 0 0.6 
(1983) Delta 
Erickson Cropped 55 - 0 1.80 0.2 F l a t  - - - Thin - F u l l  1 5  0 0.4 
(1985) Delta 
Luckring, Cropped 63 - 0 0.87 0.4 F l a t  - A - Thin - F u l l  20 0 0.3 




Cropped 63 - 
Delta DO " 
0.87 0.4 F l a t  
0.27 0.45 " 
Thin - F u l l  15-25 0 0.2 
15-35 " 0 
Manro Cropped 71.2 - 43 1.65 0.1 F l a t  - - - Thin - F u l l  16 0 0.4 
(1983) Arrow " " 8, a. -3 ,. Thick " " ., q. 
,, ., ,. .. ., ., Thick " *. ,. 
.. ,* #. 'a ,, ., 
.3 .. 
- P a r t  8 " " 
,, 0, .. a. Thin " " 6 ., a. 
Reddy Cropped 63 - 40 1.07 0.4 F l a t  - - - Thin - F u l l  15-25 0 0.2 
(1981) Arrow 
Reddy Cropped 63 - -40 0.74 0.4 F l a t  - - - Thin - F u l l  15-25 0 0.2 
(1981) Diamond 
( d) cranked wings, uncambered 
Planf orm Camber Thickness Vortex Flow 
Reference Class A1 A2 A t e  AR h Class  61 Ah1 62 Wing Fusl Span a I3 M 
Erickson Cranked 72 62 0 1.68 0 F l a t  - - - Thin - F u l l  15 0 0 
(1983) Del ta  
Kuhlman Cranked 80 65 0 1.60 0 F l a t  - - - Thin - F u l l  5-30 0 0 
(1978) Delta 
Reddy Cranked 80 65 0 1.60 0 F l a t  - - - Thin - F u l l  15-30 0 0 
<, a *  ,. 8, ., 38 (1981) Del ta  " " " 0.95 0.2 " 
Reddy Cranked 80 65 30 2.08 0 F l a t  - - - Thin - F u l l  15-25 0 0 
(1981) Arrow " " " 1.10 0.23 " ,. ,, ,+ 1 5 - 3 0 "  " 
Reddy Cranked 70-80 65 30 2.6-2.1 0 F l a t  - - Thin - Ful l  20 0 0 
(1981b) Arrow 80 60-70 " 2.6-1.6 " " .. ,. ,. ,, ,, *, 
TABLE 1 ,- CONTINUED 
( e l  mi scell aneous wings, uneambered 
Planform Camber Th ickness  Vor tex  Flow 
Refe rence  C l a s s  A1 A2 Ate  AR A C l a s s  61  Ah, 9 Wing Fus l  Span a $ El 
Brune,  G o t h i c  50 87 56.3 1.60 0 F l a t  - - - Thin  - F u l l  14.3 0 0 
e t  a l .  Arrow 
(1975) 
E r i c k s o n  G o t h i c  62.5 76.6 0 1.35 0 F l a t  - - - Thin  - F u l l  15 0 0 
(1983) 
F r i u k  G o t h i c  60  74 0 1.36 0 F l a t  - - - Thin  Thin P a r t  10-16 0 0 
(1985) .. ., ., ., t, ., " Thick F u l l  14  " " 
Johnson ,  R e c t a n g l e  0 - 0 0.2-1.2 1 F l a t  - - - Thin  - F u l l  20 0 0.2 
e t  a l .  
(1980) 
Reddy Raked 63 -3-13 0 1.07 0.4 F l a t  - - - Thin - F u l l  23 0 0 
(1981) S i d e  
Edge 
( f )  a1 1 p l  anforms, convent ional camber 
Planform Conven t iona l  Camber Th ickness  Vor tex  Flow 
R e f e r e n c e  C l a s s  A1 A2 Ate AR h C l a s s  6 1  Ah1 6 2  Cling Fus l  Span a $ PI 
B u t e r ,  D e l t a  !4 0 1.15 0 A p e x F l a p  0-40 - - Thin - F u l l  1 0  0 0 
e t  a l .  ,. ., 20  " " " Inhd  " 
Luckr ing ,  D e l t a  76 - 0 1.00 0 T . E . F l a p  -6 - - Thin  - F u l l  -20-50 0 0 
e t  a l .  
(1985h) 
Reddy D e l t a  75 - 0 1.07 0 S m o o t h O n f l o w , -  - - Thin  - F u l l  2-30 0 0 
(1981) Cld - 0.3 
Johnson,  Arrow 7 1 . 2 -  43 1.65 0 T . E . F l a p  8.3 - - Thin - F u l l  11.9 0 0.4 
e t  a l .  
(1980) 
blanro Cropped 71.2 - 43 1.65 0 .1  Twis t  - - - 
., ,. 
Thin - F u l l  1 6  0 0.4 
(1983) Arrow " " " Twist/Camher " ,, ,# 
H a r r i s o n  Cranked 70 58  48 2.24 0 L. E. Droop 0-15 58 - Thin - P a r t  20-25 0 0.65 
(1982b)  Arrow -k 
i- AFTIfF-111 Planform snd Camber 
TABLE 1,- CONTINUED 
( g )  a19 p lan foms ,  conical camber 
Planform Conica l  Camber Th ickness  Vortex Flow 
Refe rence  C l a s s  A 1  A;! A t ,  AR h c l a s s  61 Ah1 62 Wing F u s l  Span a $ M 
Johnson ,  D e l t a  74 - 0 1.15 0 Wentz - - - Thin  - F u l l  10-31 0 0 
e t  a l .  
(1980) 
Kuhlman D e l t a  74 - 0 1.15 0 Wentz - - - Thin  - F u l l  10-31 0 0 
(1978) 
Lamar D e l t a  74 - 0 1.15 0 Wentz - - - T h i n  - F u l l  15-25 0 0 
( 1978) " 0.71 ,: Barsby,  p=0.2 " .a 8 ,  ,. .* 8O :: .. ,. ,. ,. 10-25 " " Barsby,  p=0.4 " 15-25 " " 
Luckr ing ,  D e l t a  76 - 0 1.00 0 Barsby,  p=0.4 - - - 
.. ,, 0. 
Thin  - F u l l  14 0 0 
e t  a l .  Barsbv. ~=0.6 " .a .. 20 
Reddy D e l t a  76 0 1.00 0 Nangia Wing E - - - 
,, .. 
Thin  - F u l l  10-30 0 0 
(1979) " S a u i r e  Wine 1 " 8. ,, 10-40 " " 
- 
., ,, 
" S q u i r e  Wing 2 " a, ., ,* 
,. en 8 ,  ., ,. ., 
15-40 " " 
" S q u i r e  Wing 3 " ,. ., 
.. '8 
" S q u i r e  l l ing 4 " ., ., ,+ 0. .. ., 
,. 8, 
" S q u i r e  Wing 5 " ., ., ., ., 30-40 " " 
Reddy D e l t a  76 - 0 1.00 0 Nangia Wing B - - - Thin  - F u l l  24,30 0 0 
(1981) ,, ., " S q u i r e  Wing 4 " 8, a, ,. ,. 
., ,. 
15-40 " " 
" S q u i r e  l l ing 5 " ., *. .. ,. 
q. ., ., ., .. 
20,30 " " 
" S q u i r e  Wing 6 " 20,30 " " 
Tinoco ,  D e l t a  74 0 1.15 0 L i n e a r T w i s t  10 - - Thin - F u l l  16-30 0 0 
e t  a l .  a. ,s 20 " " .. 0. 17-30 " 
CONCLUDED 
( h) a7 9 pl anforms, vor tex-  f7 ap camber 
P l a n f  orm Vortex F l a p  Camber Th ickness  Vortex Flow 
Refe rence  C l a s s  A1 A2 Ate AR C l a s s  b1 A+,, b2 Ring Fus l  Span a $ M 
E r i c k s o n  D e l t a  65 ; 0 1.87 f Con ica l  
9. . 
-15-40 74 - Thin ; f u l l  1 5  f 0.6 
(1983) 1 5  11 
,. ., ,. .. 20  " " ,. ., 
0, ,, ,. ,, ,* ., 
15-20 :: '' 
3 0  " " 1 5  0 
,. ,. I n v e r s e  Taper  1 5  " " " P a r t  " " 0 . 6  
Cranked 72 62 " 1.68 " " 15  77 /70  " " F u l l  10 ,15  " 0.6 
D e l t a  
E r i c k s o n  D e l t a  55 - 0 2.80 0 Tapered Chord 0-30 5 3  0-10 Th in  - F u l l  10-30 0-20 0.4 
(1985) 
F r i n k  D e l t a  74 - 0 1 . 1 5  0 C o n s t a n t c h o r d 1 0  74 - Thin  - F u l l  1 4  0 0 
(1982) ., ,. ,% ,. 8 ,  .8 " P a r t  " ., .> 
,, ,, #. ,, 0-20 " " ,. $0 
" 0 . 3  
.. ., 
" Conica l  20  79 " " F u l l  11-20 " " 
F r i n k  
(1985) 
H a r r i s o n  
(1982) 
H a r r i s o n  
(1982b) 
H o f f l e r  
(1985) 
Luckr ing ,  
e t  a l .  
(1982) 
G o t h i c  60 74 
,, ,, 
., ,. 
Cranked 70 58  
Arrow + " " 




Cranked 70 58  
Arrow + " " 
D e l t a  65  - 





Goth ic  3 0  
40 
3 0  
Tapered F l a p  A 15-45 
Tapered F l a p  B 25-35 
Tapered F l a p  C 30 
Tapered F l a p  D 30 
Tapered F l a p  E 3 0  






Apex 2,  F l a p  A 3 0  
Apex 3,  F l a p  A " 
Tapered F l a p  A " 
Tapered F lap  B " 
0-30 
F lap  D, 35  
L. E. Droop 
Con ica l  1 3  
0-25 
20  





Th in  
Thin P a r t  
0. a8  
Thick F u l l  
















- P a r t  
- F u l l  





Reddy D e l t a  74 - 0 
., ,. 
1.15 0 Constant  Chord -30 74 - Thin - F u l l  15-20 0 0 
( 1 9 8 1 ~ )  " Tapered Chord 24 71.4 " ,# #, 
<, ,, H 8, #. ., 
15-35 " " 
-60-35 " " 20.6 " 
+ AFTI/F-111 Planform and Camber 
Delta 
A =: 5 5 O  .-. 85" 
Cropped delta 
X =: 0,25 =+ Q,4 
Arrow, Diamond 
Ate = 55 +-51 Cranked wings 
( a )  f l a t  wings 
Conventional Vortex Flaps 
A t e  = 0+43O A t e = O  
Twist Conical 
Twist /ca mber inverse taper 
Conical camber Constant chord  
T,E. Flap Swept, tapered 
Smooth onflow Tab bed 
(b )  cambered wings 
Figure 1,- Converged FVS Published results. 
Rectangular 
AR = Q,2 + lb,2 
Raked side edge 
d + =  -3+13 
Thick arrow 
t/c - 0.03 I Thick wing and body 
( c )  other wings 
Figure 1 .- Concluded. 
Vortex modeling -, Real flow effects 
@ 3 D pressure field 
@ Accurate forces and moments 
@ High -a vortex l i f t  loss 
Vortex curvature 
Vortex crowding 
@ Viscous flow extensions 
Vortex breakdown 
s Secondary separation 
Figure 2 ,- General sol u t i  on features. 
Planar vortieity Nonplartar Vorticity 
-+ 
= free 1 i 1 = free 
Arg 6 = fixed Arg (6 = free 
Figure 3 .- Near-f i el d wake attributes. 
Winq Near wake 
( b )  vortex flow 
Figure 4.- Concluded. 
Figure 5.- Near-field wake length e f f e c t s .  a = 15", M = 8, 
Figure 6.- Convergence histories. 
Figure 9 .- Convergence effects on spanwise pressures. x/e, = 0.995, n = 6 % " ,  
ol = 15O, M = 0. 
( a )  l i f t  
( b )  drag 
Figure 8.- Force and moment correlation for  Humel d e l t a  wing. 
( c )  p i t c h i n g  moment 
F i g u r e  8 .- Concluded. 
Figure 9,- Spanwise pressure correlat ion for Humme1 def t a  wing. 
Available Solution Sheet Transfer Sheet Transfer 
(Part ial restart) and Rotation 
Figure 10.- Sheet rotation concept with partial restart. 
Start ing Solution 
Transfer, rotation, scalingl 
Converged 
Solution 
( a )  ro t a t ion ;  A = 65', nk-, = 7 4 ° 9  a = x0, M = 0 
Mf = 15" (large) ABf = 5" (small) 







0 2 4 6 8  
-12 0 2 4 6 8  
It I I 
- Bf = 15" 4 
,- - 
- *\, E -4 
- 
' - 4  \ Converged -8 
I 1 I \ J  






I I I I 
Vortex sheet 
Exist ing Solut ion Expa n s i o n / ~ o t a t i o n  Desired Solut ion 
Straight Leading Edge Curved lead ing  Edge 
(b) s c a l i n g ;  A = 74O, a = 210, M = 0 
Figure  11. Concluded. 
Desired FVS solution : 
74' delta wlfuselage 
Figure 12 .- Apgl i s a t i o n  o f  expanded restart t o  compl ex geemetri es. 
JV, Start ing 
solution solution 
Figure 13 .- Mu1 tiple vortex sheet partial restart. 
@ Attached flow analysis \ 
a,, = a for smooth onflow Ci rcu lar  
a rc  camber 
@ Seek solution for small A a  
@ A a  = a -aso 
@ Short near wake 
3 
Vortex starting solution 
@ size by conical flow at A a  
Barsby (1974) 
\ 
rotate by leading edge deflection 
F lgure  14,- A direct approach fo r  large camber. 
Flat plate conical flow 
0 0.2 0.4 0.6 0.8 1.0 1.2 
Y/S 
( a )  p = 0.4, a e 14", aso 9" 
Flat plate conical flow 
Figure 15.- Converged results a t  trailing edge. AR = 1. 
r Convergence History 
v 
Converged 
F igu re  16.- App l i ca t i on  f o r  vor tex f l ap .  a = 16". 
